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ABSTRACT
The liquid phase autoxidation of the readily available sesquiterpene valencene to the commercially important perfuming agent
nootkatone utilizing gaseous oxygen at atmospheric pressure has been
investigated .
Catalyst systems involving transition metal salts and complexes,
and phase-transfer catalysts have been evaluated under different
conditions of valencene co ncentration, catalyst concentration,
reaction temperature, solvent and oxygen flow rate.
Of eighteen candidate catal ysts for the oxidation of valencene
to nootkatone, chlorocarbonylbis(triphenylphosphine) iridium (Vaska's
catalyst) demonstrated good activity and appeared to show the best
potential for future work.
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INTRODUCTION
Background for This Study
Nootkatone, an important flavoring constituent of grape.

fruit,

1-4

is used commercially to flavor soft drinks and other

beverages and in the preparation of shaving lotions and cosmetic
agents.

As a result, nootkatone has drawn the attention of a

number of synthetic organic research groups. 5-8

However, no

completely satisfactory me thod currently exists for the commercial
preparation of nootkatone .

An ideal process would be as follows:

1. utilize low cost raw materials .
2. involve a minimum number of processing steps.
3. form the product in high yi eld and purity.
4 . not involve hazardous reagents or conditions.
5. avoid reactants which generate waste streams containing

toxic pollutants.
6. recycle unconverted raw material.

Valencene is a relatively inexpensive by-product of the processing of valencia oranges 9 and is considered a potential raw material
for the production of nootkatone.

Several groups have recently

reported oxidation of valencene to nootkatone either directly or
2 9
·
through the corresponding
a 1coho l or es t er. , -ll

All of th ese

procedures (Scheme 1) have certain limitations with respect to
scale up to commercial scale operations.

Most utilize hazardous,

2
expensi~e

oxidi zing agents which present waste disposal problems.
Scheme 1
0

valencene

noot katone

.
2
tert-butyl chromate
.

valencene

sodium perchromate/acetic acid

9

hv/rose benga1 10

nootkatone

tert-butyl peracetate 11

The objective for this study will be to develop a procedure
which is more selective and more ada ptabl e to a commercial scale
operation.
Transition Metal Salts and Complexes
The study of the reactions of molecular oxygen with organic
materials, hereafter known as autoxidation, has a long history. 12 , 13
Control of autoxidation is desirable from the point of view of
inhibiting reactions such as the rancidification of fats and the
oxidative deterioration of plastics, gasoline, lubricating oils and
rubber, and of promoting a variety of desirable reactions including
the drying of paints and the synthesis of industrial organic
chemicals by selective oxidation of petroleum hydrocarbons.

3

Catalysis of the latter reactions, particularly by metal complexes,
is of considerable technological interest and plays a vital role in
many important chemical and biochemi cal oxidations.
Liquid phase oxidation of hydrocarbons by molecular oxygen forms
the basis for a wide variety of petrochemical processes, 14 - 19 including the manufacture of phenol and acetone from cumene, adipic acid
from cyclohexane, terephthalic acid from p-xylene, acetaldehyde and
vinyl acetate from ethylene, propylene oxide from propylene, and
many others.

The majority of the?e processes employ catalysis by

transition metal complexes to attain maximum selectivity and
con ersion.
etal-catalyzed oxidat·ons may be conveniently divided into two
types which are arbitrarily designated as hemolytic and heteroly. .12 The first type of catalysis usually involves soluble trant lC.
sition metal salts (homogeneous), such as the acetates or naphthenates of Co, Mn and Cu, or the metal oxides (heterogeneous).

Fur-

thermore, hemolytic catalysis requires the recycling of the metal
species between several oxidation states by one-equivalent changes.
Free radicals are formed as intermediates from the organic substrate.

Heterolytic catalysis involves reactions of organic sub-

strates coordinated to transition metals.

It is characterized by

the metal complex acting as a Lewis acid or formally undergoing twoequivalent changes.

Free radicals are not intermediates.

These two types of catalytic processes, homolytic and heterolytic, will be discussed separately, although the distinction is not

4

always clear since there are transition metal complexes that are
capable of participating in both types of catalysis.

They also fall

into the categories that have been described as "hard" and "soft "
processes . 17 The most important characteristics of metal catalysis
for effecting oxidation are the accessibility of several oxidation
states as well as the accommodation of various coordination numbers,
both of which are properties of some transition metal complexes.
I. Hemolyti c Mechanisms
A. Liquid Phase Autoxidati ons in the
Absence of Accel erators or Inhibitors
Under relatively mild co nditions of temperature and oxygen
pressure, many liquid phase oxidations occur spontaneously.

They

are frequently subject to autocatalysis by products (i.e. hydroperoxides, peracids, etc.).

It is well recognized that most of

liquid phase autoxidation of hydrocarbons proceed by a free radical
chain mechanism, 20 , 21 with the exception of the oxidation of certain
organometallic compounds and of some photochemical oxidations.

The

free radical chain mechanism is described by the following general
scheme.
Chain Initiation

~ 2In•
2
In•+ RH ---7 InH + R•

In

(1)
(2)

Chain Propagation
R• +

o2 ---7'

ROD • + RH

ROD •

~ ROOH + R•

(3)
(4)

5

Chain Termination
R· + ROO• ---7- ROOR

(5)

2ROO • ~ R0 4R ---7 nonradical products + o
(6)
2
Alkylperoxy radicals play vital roles in both propagation and
tennination process.

Hydroperoxides, ROOH, are usually the primary

product of liquid phase autoxidation (reaction 4) and may be isolated
in high yields in many cases.

Much of the present knowledge of

autoxidation mechanisms has resulted from studies of the reactions
.
26 ' 27
of alkylperoxy radicals 22-25 and the parent hydroperox1des.
Under steady state conditions, chain termination occurs exclusively via the mutual destruction of two alkylperoxy radicals
(reaction 6).

The cross-termination reaction (5) may be neglected.

The rate expression is given by
-d[RH]/dt = -d[0 2]/dt = kp[RH](Ri/2kt)

~2

(7)

where kp and kt are rate constant for propagation and termination
respectively, Ri is the rate of initiation.
Chain initiation is readily accomplished by deliberately adding
initiators, that is compounds yielding free radicals on thermal
28
decomposition. Other methods of producing free radicals are
(a) heat, light or ionizing radiation (b) hydroperoxide radicals
from thermal decomposition (c) reaction of a metal catalyst with
hydroperoxide (d) reaction of oxygen molecule and the substrate
which is active only at high temperature and (e) reaction of a
metal ion and the substrate in a higher state of oxidation.

6

The propagation sequence is the repetition of reaction (3) and
(4) to produce one molecule of hydroperoxide and regenerate the
radical R•.

The addition of the radical R• to oxygen is extremely

rapid (reaction 3), the rate controlling step in autoxidation is
hydrogen transfer from substrate to the alkylperoxy radical, i.e.
reaction (4).

In the absence of steric

effe~ts,

the rate of

reaction (4) depends upon the carbon-hydrogen bond strength, the
resonance stabilization of the alkyl radical being formed, 20 , 29
and the availability of electrons at the carbon-hydrogen bond being
broken. 30 - 32
Und er normal conditions, the termination step occurs exclusively by self-reaction of two alkylperoxy radicals, which combine
to form unstable tetroxides which can undergo further decomposition.
Reaction (5) forms peroxide ROOR which can act as an initiator at
high temperature. 28
B. Mechanisms of Redox Catalysis by Transition Metal
Complexes - Electron and Ligand Transfer Processes
There has been a great deal of interest in the mechanisms of
. recent years.
. It is recognized
electron transfer process 33-38 in
that oxidation-reduction reactions involving metal ions and their
complexes are mainly of two types: ligand transfer (inner sphere)
and electron transfer (outer sphere) reactions.

Models of these two

processes are presented by the following reactions.
' Ligand transfer (inner sphere)
(8)

7

Electron transfer (outer sphere)
(9)

The coordina t ion sphere of the metal ions remain intact during
electron t r ansfer reaction.

However, ligand transfer reactions

proceed via a br idged activated complex with two metal ions
connecting by a common br idging ligand.
The concep t s of electron and ligand transfer can be applied to
the oxidation and r ed uct io n of organic substrates by metal
.
. 1en t c hanges 1n
. t he oxidation states
comp l exes, 39- 41 since
one -eq u1va

or metals in inorganic redox reactions also have analogies in
organic chemistry .

Thus , t he i nter conversion of the series of

species carbonium ion (R+) , f r ee r adical (R•), and carbanion (R-)
results from one -equivalent changes, namely,
(10)

Redox reactions of organic substrate with metal species involving a one-equival en t chang e in the oxidation state of the metal will
generate free radical intermediates. 41 , 42 Whether the reaction
between a free radical and a metal complex occurs via electron transfer or li gand t ransfer is detennined by the nature of the ligand.
A t heory of the mechanism of oxidation of alkyl radicals by
copper (I I ) complexes has been proposed, 43 , 44 which is based on the
hard and sof t acid-base(HSAB) classification described by Pearson
and others. 45 , 46 When the metal is bonded to hard ligands, such as
acetate ion, reaction preferentially occurs at the metal atom (i.e.

8

electron transfer).

When the metal is bonded to soft ligands, such

as bromide or iodide, reaction occurs mainly on the ligand.

Metal

complexes may function as catalysts by interfering with any of the
various initiation, propagati on and termination steps.
The participation by metal catalysts in autoxidation may be
divided into four groups which will be discussed in the following
sections.
1. Reactions of Metal Complexes with Alkyl Hydroperoxides
Much information concerning the roles of metal complexes in
oxidations has been obtained from examining the decomposition of
alkyl hydroperoxide alone in an inert atmosphere and solvent, i.e.
under nonautoxidizing conditions. 47 It is well known that in the
presence of trace amounts of iron, manganese, cobalt and copper
naphthenates alkyl hydroperoxides rapidly decompose in hydrocarbon
solutions. 48 , 49
There are two reactions for hydroperoxides.
ROOH + M(n-l)+ ~ RO·+ Mn++ OH-

(11)

ROOH +Mn+~ ROO• + M(n-l)+ + H+

(12)

If a particular metal ion is capable of effecting only one of
these reactions, a stoichiometric but not a catalytic decomposition
of alkyl hydroperoxide would be expected.

However, a catalytic

reaction is feasible if there is a regenerative pathway for the
metal complex capable of reacting again with the alkyl hydroperoxide.
Moreover, metal complex can initiate the radical-induced chain

9

decomposition of t he hydrop erox ide.
2RO • + o2
RO • + ROOH - ~ ROO • + ROH
2ROO •

~

(13 )
(14 )

The metal ion in the above exampl e is acting as an initiator rather
than a catalyst.
The relative rates of r eactions (11 ) and (12 ) are roughly related wit

the redox potential of t he partic ular Mn+/M (n-l )+ couple.

Redox potentials are influenced by t he nature of the ligands and the
solvent .
a.

eta s that Effect Reaction . Wh en the metal complex is a

strong oxidant, reaction (12) predomin ates.

For example, Pb(IV)

reacts stoichiometrically with t wo mol es of alkyl hydroperoxide to
afford alkylperoxy radicals . 50,S l
Pb(OAc)

4

+ 2ROOH

---7

Pb(0Ac ) 2 + 2ROO• + 2H0Ac

(15)

Other strong ox i dants t hat mi ght be expected to behave similarly are
Ce (I _) , Tl (I I I ) and Ag (I I ) .
b. Metals that Parti cipate in Reaction.

When the metal ion is

a strong reduc i ng agent, reaction (11) predominates.
duc es a lk y1 hydro pero x1'd es t o th e correspon d.1ng
Cr (I I ) + ROOH ---7

Cr(II) ion realcohols. 39 , 52

Cr(I II )OH + RO•

(16)

Ot her st r ong reducin g agent like Cu(I), Ti(III) and Fe(II) might be
expected to react alike.
c. Metals that Effect and Participate in Reaction.

When the

metal has two comparable stable oxidation states, reaction (11) and

10

(12) occur at the same time.

Cobalt and manganese compounds are

able to induce the efficient catalytic decomposition of alkyl
hydroperoxides, they are considered to be the most effective catalysts for autoxidation.
In aqueous solution outer-sphere electron transfer between metal
ions and alkyl hydroperoxides is expected to be favorable (reactions

17 and 18).

In nonpolar solvents, electron transfer probably pro-

ceeds via the formation of inner-sphere, covalently bonded complexes.
ROOH + Co(II)

~

ROOH + Co(III) --7

RO•+ Co(III)OH

(17)

ROO• + Co(II) + H+

{18)

The overall reaction constitutes a catalytic decomposition of
the hydroperoxide into alkoxy and alkylperoxy radicals:
(19)

Radical-induced chain decomposition of the hydroperoxide via
reactions (11) and (12) is in competition with reaction (19), i.e.
metal-ion induced decomposition.

At high concentrations of the

hydroperoxide relative to the metal complex, alkoxy radicals will
compete effectively with the metal complex for the hydroperoxide.
At low hydroperoxide concentrations and in reactive solvents, the
. t e. 13
metal-induced reaction is expecte d to pre dom1na
Rhodium and iridium, which are in the same group as cobalt in
the Periodic Table, are also expected to effect reactions analogous
to equations (17) and (18); this view is supported by recent studies
. . d.

1

of autoxidations catalyzed by rho d ium an d ir1 1um comp exes.

53-57
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Complexes of these metals rapidly decompose hydroperoxides in a
. reac t.ion. 58
ca t a 1y t ic
2. Activation of Molecular Oxygen by Metal Complexes
Catalysis of autoxidations by transition metal complexes may be
possible for the chain initiation involves direct oxygen activation,
whereby the complexation of molecular oxygen by a transition metal
would lower the energy of activation for direct reaction with the
substrate.

For example, oxygen coordinated to a metal might be

expected to have properties similar to alkylperoxy radicals and
undergo hydrogen transfer from a hydrocarbon.

RH+ M-0-0•

--7

M-0-0H + R·

(20)

Recently numerous stable diamagnetic oxygen complexes of other
Group VIII elements (Ir, Rh, Ru, Os, Ni, Pd, Pt) have been prepared,
61
such as Pt0 (Ph P) , 59 Ir0 2Cl(CO)(Ph 3P) 260 and Ph0 2(Ph 2P) 2 PF6 .
2 3 2
Due to the possibility of chain initiation by direct reaction of a
metal-dioxygen complex with substrate, many of these complexes have
been examined as autoxidation catalysts particulary for the oxidation of olefins. 53 , 56 - 58 ' 62 - 69
Collman et al . 62 reported that dioxygen complexes of Ir(!),
0
Rh(I) and Pt(O) catalyzed the autoxidation of cyclohexene at 2s
to 6o 0c in benzene or methylene chloride. Cyclohexene-3-one is
the major porduct (together with water) and cyclohexene oxide a
minor product.

12

Ir (I), Rh (I)>
Pt(O)

(21)

Other workers reported that the Rh(I) complex, RhCl(Ph P) ,
3 3
60
catalyzed the liquid phase autoxidation of alkylbenzenes. - 72
More investigations have shown that these reactions involve
metal-catalyzed decomposition of hydroperoxides via the usual redox
cycles.

Thus, inhibition, polymerization and product studies in
the RhCl(Ph 3P) 3 -catalyzed autoxidation of cyclohexene, 53 ethylbenzene53 and diphenylmethane 54 were compatible only with metal-cata-

lyzed decomposition of the alkyl hydroperoxide and not a direct
reaction of the metal-dioxygen complex with substrate.

Complexes

Rh(III)(acac) 3 , Rh(III)(2-ethylhexanoate)

and Co(II)(2-ethylhex3
anoate)2 gave results that were almost the same as those obtained
with RhCl(Ph P) .
3 3
Rh(II)

The redox cycle may involve Rh(II) and Rh(III).

+ ROOH ---7'

Rh(III) + ROOH ---7

Rh(III)OH + RO·

(22)

Rh(II) +ROD•+ H+

(23)

Alternatively, a similar cycle can be written with Rh(I) and Rh(II).
Aanlogous reactions presumably occur in Ir(I)-catalyzed autoxidations since Ir(I) complex rapidly decompose alkyl hydroperoxides
. con d•t•
un der anaero b1c
1 ions. 74,75

Similarily, a study of the homogeneous oxidation of cyclohexene
by various low-valent phosphine complexes of Group VIII transition
metals yielded no definite proof for initiation by oxygen activation.

Results were consistent with reactions involving chain
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initiation via the usual redo x reactions of the metal complexes with
trace of hydroperoxides .

Long indu cti on periods were observed with

peroxide-free hydrocarbons.
Direct reaction between oxygen and a substrate would be expected
to be more favor able when both molecul es are coordinated to a metal.
Hydrogen abstraction from a coordinated olefin by coordinated dioxyge

was observed in the reaction of a Rh(I)-cyclooctene complex

with molecular oxygen. 76 ' 77
At this point it may be concluded there is no good evidence for
t e in.tiation of autoxidations by direct hydrog en transfer between
me al-dioxygen complexes and hydrocarbon su bstrates.

Although such

a process may prove feasible, in catalytic systems it will often be
readily mas ed by the facile reaction of the metal complex with
hydroperoxide .
3. Reactions of

etal Compl exes Directly with Substrate and Autoxi-

dation Products
In addition to the usual reactions of the catalyst with intermediate hydroperoxides, another type of reaction involves direct
reaction of the metal catalyst with the hydrocarbon substrate and
with autoxidation products.

Two possible pathways can be visualized

for the production of radicals via direct interaction of hydrocarbon
substrate with metal oxidants, namely, electrophilic substitution
and electron transfer.

Both processes are depicted below for the

reaction of a metal triacetate with a hydrocarbon.
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Electron transfer:

RH

+

M(OAc) 3

[RH]•+

~

~

[RH]•

(0 c)

2

+

AcO

R• + H+

(24)
(25)

Electrophilic substitution:
RH + M(OAc) 3 ~ RM(OAc) 2 + 0 c
RM(0Ac) 2 ~ R• + (Oc) £

(26)
(27)

A clear explanation between the two processes would be provided
by the observation of the intermed·ate species, i.e. the radical
cation [RH]•

+

or the organometal [

(0Ac ) 2].

The overall result is

a one-electron reduction of the metal oxidant with formation of the
substrate radical R• in both processes.

The ease of el ectron trans-

fer oxidation of hydrocarbons by a particular oxidant is related to
their ionization potentials.

However, the ease of electrophilic

substitution of a substrate by a metal complex is expected to
parallel that of electron transfer.
4. Reaction of Metal Catalysts with Free Radicals - CatalystInhibitor Conversion
Since peroxy radicals are the most abundant species in solution,
the reaction of metal catalyst with al.kylperoxy radicals must be
considered in liquid phase autoxidation.

The reduction of alkoxy

radicals to the corresponding alcohols is well known, but the
reaction
(28)
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is relatively unimportant in auto xidation, since alkylperoxy radicals
are present in much high er conc entra t ions.
Inhibition of autox i dations by t ransition metals in low oxidation states, such Co(II) or Mn(II) , has been observed. 49 , 7s, 79
Transition metal complexes often behave as catalysts at low concentrations but as inhibitor at high conce nt rations.

There has been

some question as to the cause of the ph enomen on .
5. Factors Affecting the Activity of Metal Catal ysis
Some general points concerning th e influ ence of the factors on
metal-catal yzed autoxidations will be di sc ussed separately, altho ugh
the

are all interrelated.
a. Particular etal Complex .

Th e r eacti ons described above are

redo x rocesses and are affected only by met als species with variable
oxidation states .

Hence, the redox potenti al of the metal couple is

a factor to be considered.
increases

Generally , t he ma ximum rate of oxidation

ith the redox potential of t he metal.

Thus, cobalt,

manganese, and cerium usually i ndu ce the hig hest rates.

Copper and

iron give somewhat lower rates.
b. Temperature.

At r el at i vel y low temperatures, the rates of

the catalyzed oxidation are qu ite different from the uncatalyzed
rates

However, as the temper ature is raised, the difference in

t hese oxidation rates decreases, since the chain process can develop
ra pidly at su f fi cien tly high tempe ratures.
c. Solvent Effects - Physicochemical Properties of Metal Catalysis in Solution.

Metal catalysts are usually added in the form of
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carboxylic acid salts (stearates, acetates, naphthenates).
polar solvent the salts dissociate into ions.

In a

Conductivity meas-

urements show that no dissociation takes place in hydrocarbon
78
solvents .
Increasing the concentration of carboxylic acid salts
in nonpolar solvents leads to micelle formation. 79 - 81
Many transition metal carboxylates exist as dimers of higher
aggregates in solution.

Such an association utilizing bridging

ligands is chemical in nature, in contrast to micelle formation
which is largely a physical process.

For example, cobalt(III) has

a pronounced tendency to form multicenter complexes with bridging
hydroxyl groups.

Cobalt(III) acetate was shown to possess the
dimeric structure, (Ac0) 2Co(OH) 2Co(OAc) 2 , 82 and trimer structure,
Co 30(0Ac) 6 (HOAc) 3 . 83
The solvent may also influence the rates of the various steps
in the autoxidation to differing degrees.

For example, in the
84
autoxidation of cyclohexane in a variety of solvents, the dielectric constant of the medium has no effect on the rate constant for
propagation.

The medium, however, strongly influences the rate

constant for termination (ROO• + ROO•) which involves an interaction of two dipoles.
d. Catalyst Deactivation - Macroscopic States in Metal-Catalyzed
Autoxidation of Hydrocarbons.

A phenomenon commonly observed in

metal catalyzed autoxidations of hydrocarbons is the buildup of the
rate to a maximum value followed by a subsequent decrease, possibly
even to zero in some cases.

The effect is often due to catalyst
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deactivation and may be caused by a number of factors. 47 , 49
In the autoxidation of neat hydrocarbons, catalyst deactivation
is often due to the formation of insoluble salts of the catalyst
with certain carboxylic acids that are formed as secondary products.
For example, in the cobalt stearate catalyzed oxidation of cyclohexane,
an insoluble precipitate of cobalt adipate is formed. 47 , 49
Separation of the rates of oxidation into macroscopic stages is
not usually observed in acetic acid, which is a better solvent for
metal complexes.

Furthermore, carboxylate ligands may be destroyed

by oxidative decarboxylation or by reaction with alkyl hydroperoxides.

The result is often a precipitation of the catalyst as in-

soluble

hydroxides or oxides.

The latter are neutralized by acetic

acid and the reactions remain homogeneous.
In some cases (e.g. gasoline), autoxidation of hydrocarbons is
undesirable, and trace amounts of metal catalysts may often be
deactivated by the addition of suitable chelating agents.

The latter

affect the catalytic activity of metal complexes by hindering or
preventing the formation of catalyst-hydroperoxide or catalystsubstrate complexes by blocking sites of attack or by altering the
potential of the metal ion.
e. Ligand Effects.

The ligands coordinated to the central

metal atom can affect its activity in several ways: (i) the ligand
can simply influence the solubility of the catalyst in the reacting
medium; (ii) the ligand may affect the redox potential of the metal
ion, or (iii) ligands may affect complex formation between catalyst
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and substrate.
The wide use of metal catalysts in the form of salts and carboxyl ic acids, particularly those of long-chain fatty acids or naphthenic acids, is due to their increased solubility in hydrocarbons
and to their ready availability.

In acetic acid as solvent, metal

catalysts are usually added as their acetates.
In recent years, many new processes, such as hydrogenation,
hydroformylation, isomerization, oligomerization, and polymerization,
have utilized organometallic complexes of the platinum group metals
as catalysts. These complexes are "soft" catalysts, 19 and catalysis
generally involves activation of some small molecule, 85 such as
hydrogen or carbon monoxide by coordination.

However, it is extreme-

ly doubtful whether such complexes, which usually contain readily
oxidized ligands (e .g. triphenylphosphine), are stable under oxidizing conditions.

They generally give the same results as the corre-

sponding metal carboxylates or acetylacetonates.

Their activities

can be explained adequately via the usual redox cycles involving
metal-catalyzed decomposition of alkyl hydroperoxides.
II. Heterolytic Mechanisms
A. Fundamental Roles of Metal Catalysts
in Heterolytic Oxidations
The concepts of electron and ligand transfer via one-electron
changes provides a basis for the understanding of hemolytic oxidation
. t•ion 86 bY
mechanisms. Similarily, the concepts of su bstrate ac t 1va

. add•t•
coordination to metal complexes and by ox1•ct at1ve
1 ion 87,88

19

provide a basis for dis cu ss ing heterolytic mechanisms.

Examples of

the former are the activation of hydroperoxides and olefins to
nucleophilic attack by coordina t ion to metal centers.
Although the addition of fre e radicals to metal centers, leading
to one-equivalent oxidation of t he meta l (see equation 31) is an
oxidative addition, the term is used to describe those additions of
substrates to metal centers that i nvo l ve overall two-equivalent
changes. 87 ' 88 The reactions of alkyl halides wi th cobalt(II) or with
iridium(!) provide examples of one -equ i vale nt and two-equivalent
oxidations of the metal center respecti vely:
Co( II) + RX -7

Co(III)X + R•

(29)

Co( II) + R•

Co(III)R

(30)

Rir(III)X

(31)

~

Ir(I) + RX ----7

B. Heterolytic Reaction of Metal -Hydr operoxide Complexes
Sheng and coworkers 89 - 91 carr ied out extensive studies of the
epoxidation of olefins with alkyl hydroperoxides in the presence of
a wide variety of metal catalyst s.

Soluble molybdenum complexes,

such as Mo(C0)

were shown to be t he most effective catalysts.
6
Vanadium, tungsten, and titani um complexes were also active epoxidation catalysts, whereas compounds of Mn, Fe, Co, Rh, Ni, Pt and Cu
gave negligible yields of epox ides.

Optimum rates and selectivities

were obtained at temperatures in t he range 100° to 120° in hydrocarbon so l vents .
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The method is suitable for the ·epoxidation of a wide range of
substituted olefins in high yields. 91 The high yields of epoxides
and the stereospecificity of the reaction are only consistent with
a heterolytic mechanism.

Substituent effects indicate that the

active epoxidizing agent is an electrophilic species.

The authors 89

proposed that epoxidation involved transfer of oxygen from a molybdenum-hydroperoxide complex in whi ch the electrophilic character of
the peroxidic oxygens is enchanced by coordination to the metal
catalyst, namely,
ROOH + Mom+ ~

Mon+ (active catalyst)

(32)
(33)

0

/
[Mo n+ ROOH] + ......-c=c"

~

'/c-c,
I \ ./ + ROH + Mon+

(34)

C. Oxygen Activation - Direct oxygen Transfer from
Metal-Dioxygen Complexes to Organic Substrates
It is expected that metal -dioxygen complexes would react with
olefins susceptible to nucleophilic addition.

Indeed, the dioxygen

complexes M0 2 (Ph P) (where M = Pd, Pt) readily add to electrophilic
3 2
olefins such 1,1-dicyannolefins or 1-nitroolefins, at room tempera. t'1ve ye1'ld , 92 e.g.
ture, to give cyclic peroxy adducts in quant1ta

(Ph 3 P) Mo
2

H3C,

/CN

/o-o,

----,
+
C=C
~ (Ph 3P) 2M............_c/C(CH 3 ) 2
2
H c,....
'cN

3

CN/ CN

(35)
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Simple olefins, such as cyclohexene, styrene or tetramethylene,
were unreactive even at

6o 0 c.

For facile reaction, the olefin must

be substituted with powerful electron-attracting substituents capable
of stabilizing a negative charge .

A sc hematic mechanism showing the

step ise nucleophilic addition of (Ph 3P) 2Mo 2 to the olefin may be
represented as follows :

1
This process is analogous to the nucleophil ic addition of alkylperoxy
93
e.g.
anions to electrophilic olefins,

+

ROO

HC
CN
3 'C-{:,.......
H C/ \ / 'CN

3

0

+RO

(36)
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This reaction is interesting beca use it constitutes the first
clear example of selective, transitio n metal-promoted cleavage of
an olefinic double bond by molecular oxygen .

I

~

/ COCN
(Ph 3P) M
2 CN

(37 )

An interesting stoichiometric oxidation of te rm inal olefins,
such as 1-octene, to t e corresponding methyl keto nes occurs with
molecular oxygen at ambient temperature in th e presence of RhCl(Ph P)
3 3
94
95
or RhH(CO)(Ph 3P) 3 . •
It was suggested th at these reactions
involve co-oxygenation of coordinated Ph P and olef in at the metal
3

center

that is
Ph P
X I 30
Rh- - , O

Cl~- , ~CH

Ph p CHR

2

3

Ph P - 0

x, I

3

Cl ,..- ih - 0

/ CH3

= C,R

Ph P
3

This reaction constitutes an Rh(I) -catal yzed co-oxidation of triphenylphosphine with an olefin.

Di spl acement of coordinated Ph 3PO by

Ph P provides for a catalytic cycle .
3
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D. Activation of Substrate by Coordination to Metals
The palla di um -catalyzed oxidation of ethylene to acetaldehyde
(the Wa cker pro cess ) was discovered by Smidt and co-workers 96 , 97 in
1959.

This pro cess combines the stoichiometric reduction of Pd(II)

with reoxidation of metal by molecular oxygen in the presence of
copper salts.

The ov era ll reaction constitutes a palladium-catalyzed

oxidati on of ethylen e to aceta l de hyde by molecular oxygen.
c2 4 + PdC1 2 + H20 -7
Pd+

2CuC1 2

2CuCl + 2 20 +

~02

CH 3CHO + Pd + 2HC1

(38)

~

PdCl 2 + 2CuCl

(39)

~

2CuC12 + H20

(40)

0 idation of olefins other t han et hy lene occurs more slowly

and

often in lower yields . Pr opyl ene is oxidized selectively to
ace one, 97 , 99 and norma 1 butenes gi ve methyl ethyl ketone. Higher
olefins generally produc e mi xtures as a result of olefin isomerization . 100 Aqueous solut i on s of othe r Group VIII metal salts, such
as Pt(II) , Ir(III), Ru(III) and Rh ( III) oxidize olefins in an
analogous manner t o Pd(II) , however, at significantly lower rates.
Ph ase-trans f er Catalysts
To promo te i onic reactions with reactants that are present in
two or mor e i rrrn is ci ble liquids (e.g. water and organic solvents),
101-106
new t ypes of homogeneous catalysts have been developed
recently.

These catalysts have been called phase-transfer catalysts

because they transfer one or more reactants from one phase to another,
thereby facilitating a homogeneous reaction.

Since this catalys}s
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occurs by the partition of ions between two liquids, it has sometdmes
been called "ion-pair partition".

The catalysts have been usually

quaternary phosphonium salts which are soluble both in water and in
organic solvents .

Phase-transfer catalysts perform only by solubil-

ization or modifying the ion partition by ion pairing rather than
micelle formation.
Usually water-soluble reagents (mostly anionic reactants) have
been reacted with one or more reactnats in the organic phase with the
aid of quaternary ammonium cations, which are partially soluble in
the organic phase.

Scheme 2 shows a water -soluble nucleophile A

and an organic compound BX, which is soluble only in nonpolar organic
solvents.
Scheme 2
Intended reaction

A- + BX ----?

AB + X

Phase-transfer catalyst P+XAqueous phase
Interface
Organic phase

A- + P+Xphase transfer

J
P+X-

~

~

[P+A-] + X-

JI
~

phase transfer

[P+A-] ~

AB + X

The presence of ionic equilibria in the aqueous and organic
+ -

.

phases and the solubility of the ionic aggregate [PA ] in the
organic phase are important in this catalysis.

In other words, the

catalytic activity of phase-transfer catalysts depends on the high
partition coefficient of the ion pair [P +A- ] between the aqueous an d
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organic phases.

The value of the coefficient must be larger than

the value for the ion pair [P+X - ].
Since the rate of the reaction depends on the partition coefficient of the pairs between the two phases , proper choice of solvent
is important.

Recommended solvents include methylene chloride,

chloroform and o-dichlorobenzene.
bee

In many cases faster rates have

observed when more polar but still water -immi scible solvents

have been used.

onpolar solvents are quite ineffective, for example

[ Et 3 (c 2Ph)]+ is not catalytically active in benzene for various
107
.
S 2 reac t ions.
Among the many ammonium or phosphonium cations, cations possessing larger side chains and more symmetric shapes have exhibited
excellent catalytic activity. Among such catalysts are [N(n-Bu) 4J+ ,
+
.
+
+
[ ( e)(octyl) ] , [ Et 3 (n-c 16 33 )] and [P(n -Bu )4 J .
3
inetic data sho that reactions induced by phase-transfer
catalysts proceed more rapidly than the corresponding uncatalyzed
"classical" reaction conducted in a homogeneous medium.

Thus the

addition of a suitable phase-transfer catalyst to an aqueous/organic
two-phase system usually accelerates the rate on the order of 10
to 10 9 .

4

Phase-transfer catalysis also allows some reactions in anhydrous
solvents to be conducted in the presence of a large amount of water,
which is another important advantage.

The generation of dichloro-

carbene from chloroform and aqueous potassium hydroxide is a
remarkable example of this property.
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In the presence of

~

phase-transfer catalyst, the following

reaction types have been reported.
. 108
1. 0x1. da t 10n

1-decene

c H cH COOH
7 15 2
decanoic acid

2. Reduction 109

)

2-octanone
3 . Addition 1l O

. . t.ion 111
4 . El im1na

.
. 112
5 . Subst1tut1on

CH 3 (cH ) CH(OH)CH 3
2 5
2-octanol

27
. 113
6 . Es t en•t.1cat1on

.

7. Carbene formation

8.

114 115

'

(C 6)2c-c=cH --7

(CH3)2C=C=C:

3-c loro-3-methyl
-1-butyne

dimethylvinyl idenecarbene

CR
RCH= H )

/ CHR
( CH ) C=C=C
3 2
'CHR

di met hylv inylidene
-cyclopropane

•t tig
. reac t•ion 116

(C H ) P=CHC H
6 5
6 5 3

ylide

RCHO )

RC H=CHC H + ( C H ) PO
6 5 2
6 5

EXPERIMENTAL
Apparatus
The oxidation vessel used in this study was a 250 ml threenecked round-bottom flask.

A reflux condenser was fitted into the

center neck of the flask while the other two necks were equipped with
a thermometer and a fritted glass.gas dispersion tube (Kimble 12-EC).
Oxygen or nitrogen gas was delivered into the reaction vessel
through a precalibrated rotometer with a flow rate of 200 ml/min via
the gas dispersion tube.

Tygon tubing was used for connections

between gas dispersion tube, rotometer and gas supply.

Heat was

provided to the flask by a heated oil bath controlled by a variable
transformer .

Operating temperature was regulated by an electric

probe system (Co 1e-parmer Lab Mani tor I I).
General Procedure
The reaction mixture was charged into the flask, purged with
nitrogen gas and heated with an oil bath.

After the operating tem-

perature was reached and monitored at steady state, the nitrogen gas
purge was terminated and the flow of oxygen gas initiated.
was then continued for the required length of time.

Oxidation

The oxidized

mixture was worked up by extraction, washing with water, drying with
molecular sieves and stripping off the solvent on a rotary evapora- ··· _
tor.

The reaction product was weighed and analyzed by gas chroma-

tography.
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Method of Analysis
Oxidation product samples were analyzed on a Perkin-Elmer Model
900 Gas Chromatography with a flame ionization detector.
chromatography column was a 6 x
1

~

11

The gas

stainless steel column packed

with 5° SE-30 on 80 - 100 mesh chromosorb W.

The temperature program

used for the analysis in this study consisted of an initial temperature of 135°C with a rise of 32°C/min to 220°c where the temperature
remained for ten minutes before recycling to the starting temperature of 135°C.

The carrier gas used in the analysis was helium at

a flow rate of 30 ml/min.
A 1 Nl sample was injected using a 10 Nl syringe (Hamilton 701
- ).

The retention times for the components of the reaction mixture

were compared with a standard mixture of valencene and nootkatone.
Percentages of noot atone in the products were calculated on the
basis of the peak area of nootkatone to the total peak areas of
unreacted valencene and nootkatone .
An internal standard method was used in the analysis of the last
three oxidation runs (47-49) in order to obtain a quantitative measure of conversion and yield .

Diethyl oxalate was chosen for internal

standard because it did not react with oxidized product.

A 1 ~l

sample of each standard mixture and product sample mixture was analyzed on the gas chromatography and concentration of nootkatone and
unreacted valencene were calculated by Equation 40.

RESULTS AND DISCUSS IO N
Five categories of candidate catalysts were evaluated in this
study of the oxidation of valencene to nootkatone.

Catalyst activ-

ities were determined by the formation of nootkatone analyzed on a
gas chro atoaraphy and expressed in percentage of nootkatone.
Evaluation of Catalysts
I . Cobalt Salt Catalysts
Cobalt acetate and cobalt naphthenate were evaluated as catalysts to oxidi ze valencene to nootkatone (see Table I).

Cobalt

naphthenate sho ed no activity . Anhydrous cobalt acetate exhibited
some activity .

Increased concentrations of anhydrous cobalt acetate

resulted in a decrease in the yield of nootkatone.
II. Copper Salt Catalyst
Copper-pyridine complex in baisc triethylamine solution was
used to evaluate its catalyst effect (see Table II).
two hour reaction yielded

3r

0

A o c and

nootkatone . Higher temperature and

longer oxidation time did not improve the oxidation.
III. Phase-tran sfer Catalysts
Eight different phase-transfer compounds were screened as
catalysts for the oxidation of valencene to nootkatone.

As can be

seen from Table III, only tricaprylmethylammonium chloride exhibited
any catalysis activity.

Tetrabutylammonium hydrogen sulfate, benzyl-

Valencene
(mo 1 )

0.1

II

II

II

II

II

II

Run

1

2

3

4

20

21

30

II

II

1.0 g cobalt naphthenate
0.02 mol cobalt acetate anhydrous
0.2 mol KBr

II

II

II

II

acetic acid

Solvent

0.5 g cobalt naphthenate

II

4 mmol cobalt acetate anhydrous
40 mmol KBr

4 rnmol cobalt acetate tetrahydrate
40 mmo 1 KBr

4 rrmol cobalt acetate anhydrous
40 mrnol KBr

Catalyst and Promoter

Resu lts of Coba lt Salt Catalysts

TABLE I

24.0

7.0

7.0

8.0

4.0

0.75

0.75

Oxid'n
Hour

110

84

61

95

80

75

40

Ul

Tbmp

2

16

7

(%)

Nootkatone

w
.,__..

Valencene
(mo 1)

0.1

II

II

Run
-

5

6

7
II

II

II

triethylamine
methanol

1 mmol copper nitrate trihydrate
0.25 mol pyridine
II

Solvent

Catalyst and Promoter

Results of Copper Salt Catalyst

TABLE II

2

4

2

Oxid'n
Hour

65

21

0

( C)

Te~p

3

( %) •

Nootkatone

w
N

II

II

15

II

19

II

II

II

18

31
32

II

11

II

20 g benzyltrimethyl arrmonium hydroxode

7 g tricaprylmethylarrmonium chlorid e

3 nmol cetyl t rimethyl ammon i um bromid e

II

II

7 g tr i capryl methylammonium chloride

3 nmol benzyltrimethyl ammonium chlorid e
0.3 g 18-crown-6
0.3 g 12-crown-4
3 ITTTIO l Adogen 464

Catalyst
3 rrmol tetrabutyl ammo nium hydroge n sul fa t e

16
17

II

II

II

Valencene
(mol)
0.1

9
10
11
13

Run
8

II

50% NaOH
be nze ne
33% NaOH
benze ne
50% KOH
benze ne
Pyridine

II

KOH, benzen e
Li OH, benzen e
50% NaOH
benzene
33 ~ NaOH
benz ene

II

So l ve nt
50% NaOH
be nze ne

Res ul ts of Phase -transfer Cata l ysts

T/\BLE II I

77
81
78

8

3

4
24

3

3

24
24

78

77

3

1

1

50
80
80
80

50

ru

T0mp

1
1

Ox id'n
Hour
1

5

5
7

4

(%)

Nootkaton e

w

w
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trimethylammonium chloride, 18-crown-6, 12-crown-4, Adogen 464,
cetyltrimethylammonium bromide and benzyltrimetylammonium hydroxide
did not catalyze the oxidat ion reaction.
IV. Charcoal Catalyst
117
Johnson and Yang
have reported charcoal catalyzed oxidation
of fluorene to fluorenone in basic solution.

However, charcoal

failed to catalyze the oxidation of valencene (s ee Table IV).
V. Transitio n Metal Phosphine Catalysts
The evaluation of transition metal phosphin e catalysts was
carried out in a series of runs using rhodium, ruthenium and
iridium p asp ine complexes on the oxidation of valencene.
A. Rhodium Phosphine Catalyst
A series of oxidation runs were made using rhodium phosphine
as a catalyst (see Table V) .

Pretreated valencene was used as

the substrate beginning with run 33 . Two methods were used to
pretreat the valencene .
with sodium hydroxide .

The first method involved the extraction
The second method was to treat valencene

by eluting through an aluminum oxide packed

column chromatography

with hexane as eluting solution.
As the data indicated,

a substantial improvement in the conver-

sion to nootkatone with a value of 32.6 % was observed in the oxidation of valencene treated with sodium hydroxide in run 33.

This

compared with untreated valencene with a low of 10% nootkatone in
run 26.

Valencene
(mol)

0.1

II

II

Run

12

14

25

charcoal
potassium tert-butoxide
II

II

etha no 1

charcoal, sodium hydroxide
charcoal, sodium tert-butoxide

Solvent

Catalyst and Promoter

Results of Charcoal Catalyst

TABLE IV

4

4

1

Oxid'n
-Hour
--

24

24

80

m

r 0mp

(%)

Nootkatone

w
U1

II

II

II

II

II

II

II

Valencene
Run
{mol}
24
0 .1
26
0.4
27
28
29
33 0.27 NaOH treated
34 0.27 Al 2o3 treated
35
36 0.27 NaOH treated
37
38
39
II

II

II

II

II

II

II

II

II

II

II

6

24
6

-

-

6
6

24
48
6
24

-

benzene
benzoyl peroxide

5

-

Results of Rh(PPh 3 ) Cl Catalyst
3
Rh(PPh 3 ) Cl Catalyst
Solvent
Oxid'n Hour
3
1 g
chlorobenzene
5
6

TABLE V

90

90
90

90

90

132
24
24
90
110

7.7
6.6
17.2
4.3
13.6

32.6
9.1

5.0
10.0
6.0
132
95

(%}

Nootkatone

rn

r 0mp

°'

w

37
Valencene treated with sodium hydroxide also gave better yields
than valencene treated with aluminum oxide as seen by comparing runs
37 and 35.

Therefore, valencene pretreated with sodium hydroxide

was utilized in all oxidation runs after run 35.
The reproducibility of the catalysis using rhodium phosphine
was disappointing.

Under the same oxidation conditions, nootkatone

fonnation rapidly decreased from a high of 32.6% in run 33 to 17.2%
in run 38,

This could have been due to the rhodium complex losing

its activity during storage.

Due to the concern for catalyst

sta ility and effectiveness, the rhodium complex- was not considered
a good candidate catalyst for the oxidation of valencene.
B. Iridium Phosphine Catalyst
Utilizing iridium phosphine as an oxidation catalyst for
valencene was evaluated in a series of runs 41 to 49 (see Table VI).
When increasing oxidation reaction time from six hours to twentyfour hours at 90°c without solvent, the percentage of nootkatone
increased from 14.8% to 46.0% in runs 41 and 42.

In the presence of

benzene solvent, the same phenomenon was noticed with the percentage
of nootkatone increasing from 10.3% for six hours oxidation, 39.9%
for twenty-four hours oxidation to 72.4% for seventy-two hours
oxidation (runs 47, 48 and 49).

Actually, oxidation of valencene

without a solvent showed higher yields of nootkatone (a value of
14.8% nootkatone in run 41) than the one using benzene as solvent
(10.3% nootkatone in run 47).

41
42
43
44
45
46
47
48
49

Run
-

--

II

II

"
II

II

II

II

"

II

II

"
II

II

II

II

II

20
85
200

ti

II

-

-

200

-

- - -- -

benzene

--

0 . 1 di st i 11 ed
0.25 NaOH treated

II

"

II

II

0.3 g
0.1 g

0.1 g

0.25 NaOH treated

Valencene
(mol)

Results of IrCO(PPh 3 ) 2Cl Catalyst
IrCO(PPh 3 ) Cl Catalyst Solvent o2 Flow Rate
(ml/min)
2

TABLE VI

24
72
72
72
6
24
72

6
24

Oxid'n
Hour

II

"

II

II

"

80

II

"

90

ru

rsmp

14.8
46.0
28.0'
34.0
48.7
70.0
10.3
39.9
72.4

(%)

Nootkatone

w

(X)
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Higher concentrations of iridium phosphine reduced the production of nootkatone to 28%, the value of nootkatone was found to be

46.0% at the usual concentration (run 43 vs. 42).

However, the

percentage of nootkatone increased with increasing the oxygen flow
rate, the correlation of which was plotted in Figure 1.
C. Comparison between Ruthenium and Iridium Phosphines
Since rhodium phosphine did not provide consistent results
during valencene oxidation, it was not considered to be a feasible
cayalyst.

A comparison between ruthenium and iridium phosphine

(see Table VII) revealed that the iridium complex gave increased
formation of nootkatone.

Therefore, iridium phosphine was a more

favorable catalyst for the oxidation of valencene.
Calculation
Equation 40 was applied to calculate the concentration of
unconverted valencene and production of nootkatone which was based
on the peak areas obtained from gas chromatographic analysis by
118
using diethyl oxalate as an internal standard.

C

s
where As

= the

Astd

=( ~)
Astd

A;. s ./std (Cstd)

(40)

A;. s ./s

peak area of sample

= the peak area of standard

A
= the peak area of internal standard in standard
i.s./std
solution

40

80

aJ

c:
0
.µ

60

'°

.µ

0
0

z

40

•
20

0

50

100

150

200

Oxygen flow rate (ml/min)

Figure 1. Effect of oxygen flow rate to nootkatone formation

6
6

0.1 g Ru complex
0.1 g Ir complex

0.25 NaOH treated

II

41

Oxid'n Hour

40

Solvent

Catalyst

Valencene (mol)

Run

90

90

Temp ( 0 c)

Comparison between Ru(PPh 3 ) 3 c1 and IrCO(PPh ) Cl
2
3 2

TABLE VII

14.8

10.7

%Nootkatone

.+:::>
I-'

42

Ai.s./s =the peak area of internal standard in sample solution
Cstd = the concentration of standard
Cs = the concentration of sample (valencene or nootkatone)
The relatio nshi p between conversion and yield was plotted in
Figure 2 based on calculations made in runs 47, 48 and 49 (see Table
III) .

yields .

As t he graph indicates, higher conversions offered lower
Extens i on of reaction times from six hours to twenty-four

or seventy - two hours was not an economical approach as both cases
showed decreased yi el ds .
Optimum condi ti on s fo r the oxidation of valencene to nootkatone
in this study were us i ng a iridium phosphine catalyst in benzene
solvent at

ao 0 c for

oxygen flo

rate .

a si x hours reaction period with 200 ml/min

43

100

80

•
>-

6 hrs

60

c

40

72 hrs

•

20

0

20

40

60

80

100

% Conversion
Figure 2. Percentage of conversion and percentage of yield
of Iridium phosphine catalyst

benzene

0.25 NaOH treated
II

II

47

48

49
72

24

6

Oxid'n Hour

* Yield was based on the unconverted valencene.

II

II

Solvent

Valencene (mol)

Run

80

80

80

Temp( 0Q

Calculation Results of IrCO(PPh 3 ) 2Cl Catalyst

TABLE VI II

80.00

74.00

27.20

Conversion( %)

33.96

27.46

64.71

~
~

Yield( %) *

CONCLUSIONS
Several conclusions r esu l t ed form t his study :
1. Valencene purified by sodi um hydrox ide res ults in improved
oxidation to nootkatone .
2. Among five categories of candid ate cata lysts evaluated in

this study cobalt salts and transition me ta l phos ph i ne complex
catalysts were the most effective for th e oxi dation of valencene
to noot atone.
3 . Iridium phosphine catalyst prov ed to be superior to

rhodium and ruthenium phosphine compl exes and is considered to be
the most promising catalyst in all candid at e catalysts evaluated .
4.

ootakatone yields increased wi t h increasing oxygen flow

rate.
5. Using iridium phosphine compl ex catal yst, conversion of
valencene increased and yield of noot kato ne decreased with longer
oxidation times.
6. Optimum conditions

for t he oxidation of valencene to

nootkatone in this st udy would be using iridium phosphine catalyst
and benzene sol vent at ao 0 c f or six hours reaction with an oxygen
f l ow rate of 200 ml /min.
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